Combined exposure to cigarette smoke and hypercholesterolemia decreases vasorelaxation of the aorta  by Mudaliar, Junaid H. et al.
Combined exposure to cigarette smoke 
and hypercholesterolemia decreases 
vasorelaxation of the aorta 
Junaid H .  Mudaliar,  MD,  Julie Ann Freischlag, MD,  Dawn Johnson,  MD,  
Douglas A. Coe, MD, Hol ly Kelly, BS, Lara Hanson,  Robert  A. Cambria, MD, 
Gary R. Seabrook, MD,  and Jonathan B. Towne,  MD,  Milwaukee, Wis. 
Purpose: The purpose of this study was to determine the physiologic effects of cigarette 
smoke exposure and dietary cholesterol on the availability of nitric oxide in aortic 
vascular rings. 
Methods: Four groups of New Zealand White rabbits were placed in an air flow chamber 
for 3 hours per day for 8 weeks. Two of these groups were exposed to smoke from 600 
cigarettes per day 5 days a week added to the chamber inflow by a robotic smoke 
generator. One of these groups was made hypercholesterolemic by being fed a 0.3% 
cholesterol diet. Two groups of rabbits were similarly placed in the air flow chamber but 
without smoke exposure, of which one group was also made hypercholesterolemic. After 
an 8-week period, the rabbits were killed and the infrarenal aortas were excised. The 
vessels were cut into 3 mm rings and suspended from tension transducers. The rings were 
contracted with potassium chloride to determine vessel integrity. Then one ring from 
each aorta was maximally contracted with norepinephrine, and the experimental ring was 
contracted to 50% of maximum. Relaxation of the rings in response to incremental doses 
of acetylcholine was measured. 
Results: No significant differences were seen in contraction to potassium chloride or 
norepinephrine in any group. A significant decrease in acetylcholine-mediated relaxation 
was seen only in the smoke-exposed, cholesterol-fed group. 
Conclusions: Endothelial damage, as measured by acetylcholine-mediated vasorelaxation, 
occurs in the infrarenal aorta in rabbits that are exposed to both cigarette smoke and 
elevated ietary cholesterol. Cigarette smoke exposure alone or hypercholesterolemia 
alone in this model did not result in significant alteration in acetylcholine-mediated 
vasorelaxation. (J Vasc Surg 1997;25:884-9.) 
Cigarette smoke and increased ietary cholesterol 
are known to be leading causes of atherosclerosis. 
Cigarette smoking is the number one preventable 
cause of heart disease in this country. The mecha- 
nism of its action, however, remains unclear. Choles- 
terol and smoke exposure have been shown to cause 
endothelial damage in experimental models? -6 The 
exact cause of the damage is unlmown. Direct endo- 
thelial cell damage and free radical production by 
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activated neutrophils or damaged endothelial cells 
have been implicated. 7-9 Acetylcholine induces r lax- 
ation in blood vessels by releasing nitric oxide from 
the endothelium. Nitric oxide then diffuses to the 
smooth muscle cell and activates guanylate cyclase, 
forming cyclic guanosine monophosphate. Cyclic 
guanosine monophosphate hen results in calcium 
ion ettlux from cells, leading to smooth muscle cell 
relaxation. The action of acetylcholine requires an 
intact and functioning endothelium. 
Previous work in this laboratory has documented 
the effects of smoking and cholesterol on superficial 
femoral arteries. 4 In superficial femoral arteries, 
smoke exposure alone caused adecrease in acetylcho- 
line-mediated vessel relaxation. This was thought o 
be a result of  either increased nitric oxide destruction 
or of decreased nitric oxide production. Interest- 
ingly, contraction of the superficial femoral artery 
segments to potassium chloride or norepinephrine 
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was significantly increased, which may be a result of 
other mechanisms. Hypercholesterolemia did not re- 
sult in alteration of the superficial femoral artery 
response to ace@choline. The purpose of our study 
was to determine the physiologic effects of cigarette 
smoke and dietary cholesterol on the availability of 
nitric oxide in aortic vascular tings. 
METHODS 
Adult male New Zealand White rabbits were 
placed in an air flow chamber for 3 hours per day 
over an 8-week period. These seven rabbits were 
exposed to the smoke of 600 cigarettes per day 5 
days a week, which was added to the chamber inflow 
by a robotic smoke generator. This smoke exposure 
is well tolerated by the rabbits and achieves cotinine 
levels that are comparable with those of chronic 
smokers by the second week of smoke exposure. 
Seven rabbits that were made hypercholesterolemic 
by being fed a 0.3% cholesterol diet underwent sim- 
ilar smoke exposure. Two control groups, one hyper- 
cholesterolemic (n = 6) and one fed a normal diet 
(n = 7), were similarly placed in the chamber with- 
out exposure to cigarette smoke. Serum cholesterol 
levels were obtained from rabbits that were fed a 
cholesterol diet before receiving the diet and before 
death. Serum cotinine levels were also determined 
before death in rabbits that were exposed to cigarette 
smoke to document a level equivalent o that in 
chronic smokers. 
After the treatment period, the rabbits were killed 
and the infrarenal aortas were excised. All rabbits 
were killed after a day of smoke exposure. The rab- 
bits were anesthetized with intramuscular ketamine 
(44 mg/kg)  and xylazine (5 mg/kg).  Intravenous 
access was obtained using an ear vein. Supplemental 
anesthesia was given with pentobarbital. Heating 
pads were used to maintain body temperature. Expo- 
sure of the infrarenal abdominal aorta was then car- 
ried out via a midline incision. The infrarenal seg- 
ment was explanted atraumatically. The rabbits were 
then ldlled with a high dose of pentobarbital. The 
treatment and procedures performed on the rabbits 
complied with the "Principles of Laboratory Animal 
Care" (formulated by the National Society for Med- 
ical Research) and conformed to guidelines outlined 
in the Guide for the Care and Use of Laboratory 
Animals (NIH Publication No. 86-23). 
The excised aorta was carefully dissected free 
from surrounding tissue and was cut into 3 mm 
segments while being bathed in a physiologic salt 
solution (Kreb's solurion, 95% 02/5% CO2, 37 ° C, 
pH 7.4). All aortic rings studied contained an intact 
endothelium. Two tings from each vessel were sus- 
pended on tungsten hooks connected to tension 
transducers and bathed in organ chambers contain- 
ing oxygenated Kreb's solution. Each ring was al- 
lowed to equilibrate at a baseline tension of 2 g for 
90 minutes. This baseline tension was determined 
during preliminary testing by for the development of
length-tension curves. Two grams of tension was 
found to be optimal for all groups of rabbits. The 
Kreb's solution in the organ baths was changed fie- 
quently during this equilibration period. The tension 
data from the transducers were transferred to a signal 
amplifier. The data from the amplifier were then 
recorded by Codas software (DataQ Instruments, 
Akron, Ohio) on an IBM-compatible personal com- 
puter. 
Vessel viability was confirmed by inducing con- 
traction with 40 mmol /L  potassium chloride twice. 
After each dose of potassium chloride, the baths were 
changed. Once all tings returned to baseline tension, 
one ring from each rabbit was maximally contracted 
with 2 × 10 4 mol /L  norepinephrine. Contraction 
was then induced in the other ring to approximately 
50% of maximum with incremental doses of norepi- 
nephrine. Once the contraction stabilized, the rings 
were then exposed to incremental doses ofacetylcho- 
line from 2 × 10 -8 mol /L  to 1 X 10 .6 mol /L .  The 
decrease in tension induced by the acetylcholine was 
recorded, and the percent relaxation was determined. 
All rings were subjected to sodium nitroprusside at 
the end of the experiment to document the viability 
of the smooth muscle. Samples of the aorta from 
each of  the four groups were taken for histologic 
evaluation by hematoxylin and eosin staining. 
Statistical analyses were performed with SPSS 
software (SPSS Inc., Chicago, Ill.). Contraction and 
relaxation data were analyzed using analysis of vari- 
ance. Data are presented as mean _+ standard error of 
thc mean. 
RESULTS 
Cotinine levels in the smoke-exposed rabbits 
ranged from 21 to 130 ng/ml.  Habitual smokers 
have cotinine levels between 20 and 700 ng/ml  in 
the laboratory testing the blood levels. Cotinine was 
not present in rabbits that were not exposed to ciga- 
rette smoke. Rabbits that were fed a 0.3% cholesterol 
diet had cholesterol levels ranging from 243 to 957 
mg/dl .  The cholesterol levels of these rabbits before 
receiving the cholesterol diet ranged from 24 to 69 
mg/dl .  
Contraction to potassium chloride showed no 
significant difference between the four groups stud- 
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Fig. 1. Contraction to potassium chloride for the four groups, measured in grams. 
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Fig. 2. Contraction to norepinephrine for the four groups, measured in grams. 
ied (Fig. 1). Control vessels contracted to 4.61 _+ 
0.51 g, smoke-exposed vessels to 5.64 - ,0.62 g, 
cholesterol-fed vessels to 4.89 _+ 0.38 g, and smoke- 
exposed and cholesterol-fed vessels to 3.94 _+ 0.44 g. 
No significant difference was seen in contraction to 
norepinephrine (Fig. 2). Control vessels contracted 
to 9.18 + 0.58 g, smoke-exposed vessels to 11.18 + 
0.78 g, cholester01-fed vessels to 8.57 -+ 0.64 g, and 
smoke-exposed and cholesterol-fed vessels to 9.10 + 
0.77 g. Although contraction data for both potas- 
sium chloride and norepinephrine in the smoke-ex- 
posed-alone rabbits was slightly higher than the 
other groups, no statistical significance was present. 
When smoke-exposed rabbits were simultaneously 
exposed to dietary cholesterol, they did not exhibit 
this slight increase in contraction. 
Fig. 3 graphically illustrates the percent relax- 
ation of the four groups of vessels to incremental 
doses of acetylcholine. Table I lists the percentage 
relaxation of each group to the molar concentration 
of acetylcholine. A significant decrease in acetylcho- 
line-mediated vasorelaxation is seen in the smoke- 
exposed, cholesterol-fed group for doses of acetyl- 
choline from 1 × 10 7 to ] )< 10 -6 mo l /L  
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Fig. 3. Graph of the percent relaxation (y axis) for each dose of acetylcholine (x axis). *p < 
0.05 (analysis of variance). 
Table I. Percent relaxation to acetylcholine 
2 5< 10 -8 mol/L 1 × 10 -7 mol/L 2 × 1~ 7 mol/L ] × 10 -6 mol/L 
Contro l  12 .37  + 2 .52  28 .34  -+ 2 .36  46 .51  + 4 .05  68 .07  + 5.32 
Smoke 14.99 + 4 .50  27 .37  -+ 6 .12 40 .34  + 10 .24  57 .12  + 12 .45  
Cholestero l  16 .10  _+ 6 .57  23 .11  + 6 .97  34 .46  + 6 .97  57 .91  + 7.96 
Smoke and cholesterol  7 .86 + 2 .44  12.51 + 3.29* 18.12 + 4 .36*  31 .41  + 15 .31"  
*p < 0 .05,  analysis o f  variance. 
acetylcholine (p < 0.05, analysis of  variance). All 
aortic rings in each group relaxed completely, with 
sodium nitroprusside administration documenting 
smooth muscle cell viability. 
Histologic examination by hematoxylin and eo- 
sin staining of the aortas from all four groups dem- 
onstrated an intact endothelium and no atheroma- 
tous plaque. No structural changes were noted 
between groups. 
D ISCUSSION 
This study revealed that endothelial damage, as 
measured by acetylcholine-mediated vasorelaxation, 
occurs in the infrarenal aorta in rabbits that are ex- 
posed to cigarette smoke and elevated ietary choles- 
terol. This endothelial damage in the abdominal 
aorta differs from that seen in the superficial femoral 
arteries harvested from rabbits in this model. 4
Changes in acetylcholine-mediated vasorelaxation 
was seen after smoke exposure alone in the superficial 
femoral arteries, with no effect seen with hypercho- 
lestcrolemia. The contractile response to potassium 
chloride and norepinephrine was significantly in- 
creased in these superficial femoral arteries. No such 
increase in vasomotor tone was seen in the aorta. 
One mechanism that may explain the increase in 
the vasomotor tone of the superficial femoral arteries 
may be an increase in endothelin-1. Endothelin-1, a 
potent vasoconstrictor, has been shown to be present 
in patients with chronic cigarette smoke exposure. 1°
Endothelin-1 levels measured shortly after smoking 
in human male subjects were significantly elevated 
compared with subjects who were not exposed to 
cigarette smoke. 
The aortic rings in our experiment did not dem- 
onstrate increased vasomotor tone when contracted 
but failed to relax with incremental doses of acetyl- 
choline only whcn exposed to both smoke and hy- 
percholesterolemia. The unavailability of nitric oxide 
must bc responsible for this observation and is either 
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a result of  an increase in nitric oxide destruction or of 
a decrease in nitric oxide production by the endothe- 
lial cells. Our plans are to study nitric oxide synthase 
levels and activity to elucidate whether nitric oxide is 
being destroyed or not produced. 
Other investigators have documented a lack of 
ace@choline-mediated vasorelaxation in arteries that 
are exposed to cigarette smoke, which reflects a de- 
crease in nitric oxide availability. Human subjects, 
either smokers or nonsmokers, when exposed to en- 
vironmental tobacco smoke demonstrated signifi- 
cantly less flow-mediated ilation of  their brachial 
artery diameter. 2 Preservation of acetylcholine-medi- 
ated relaxation was achieved by Sun and colleagues n 
in smoke-exposed rabbits by feeding them L-argi- 
nine, the precursor to nitric oxide. 
Cigarette smoke exposure has been shown to 
produce oxygen free radicals, which can destroy the 
endothelium and nitric oxide directly. Human um- 
bilical vein endothelial cell cultures exposed to 
plasma samples from smokers exhibited cellular oxi- 
dative stress, reflecting such free radical damage, s 
Addition of superoxide dismutase, a free radical scav- 
enger, restored acetylcholine-mediated r laxation in 
aortic rings that were exposed to cigarette smoke 
circulating through a Kreb's buffer solution. 12 
Similar observations regarding acetylcholine-me- 
diated vasorelaxation have been made in hypercho- 
lesterolemic models. In a study by Woditsch and 
Schror, coronary arteries from explanted hearts of 
cholesterol-fed rabbits had reduced endothelium-de- 
pendent relaxation to bradykinin, substance P, and 
nitric oxide donors when compared with controls. 13 
Nitric oxide release measured from these coronary 
arteries was increased, which indicates that destruc- 
tion of the nitric oxide was occurring. Verbeuren and 
colleagues 5 demonstrated a decrease in acetylcho- 
line-mediated relaxation in the aortic arch and ab- 
dominal aorta of 8 week cholesterol-fed rabbits, 
which became further impaired after 16 weeks. Stud- 
ies that examined forearm blood flow in hypercholes- 
terolemia patients also revealed a decrease response 
to vasodilators.14 
Production of oxygen free radicals has been im- 
plicated in the endothelial injury seen in hypercholes- 
terolemia as well. Vascular cell adhesion molecule 
(VCAM- 1) production is upregulated in cholesterol- 
fed rabbits, which leads to increased leukocyte adhe- 
sion, production of oxygen free radicals, and endo- 
thelial cell damage. 3,15 Vitamin E, a free radical 
scavenger, was shown to restore a normal vasodilata- 
tion response as determined by pulse curve plethys- 
mography in hypercholesterolemic rabbits. 7
Therefore, smoking and cholesterol combined 
can work synergistically to destroy the normal artery 
acetylcholine-mediated relaxation response. Ciga- 
rette smoking also has a proatherogenic effect when 
hypercholesterolemia is present. Zhu and colleagues 6 
showed that cholesterol-fed rabbits that were ex- 
posed to cigarette smoke had a greater surface area of 
atherosclerosis in the aortic arch and pulmonary ar- 
teries than those rabbits that were cholesterol-fed 
only. No atherosclerotic plaque was seen in our 
model in any of the groups because of the lower 
serum cholesterol levels purposely obtained and the 
short 8-week exposure interval. 
In our model, cigarette smoke and hypercholes- 
terolemia cted synergistically to decrease acetylcho- 
line-mediated vasorelaxation i  the abdominal aorta. 
These changes are unique to the aorta in our model 
and occur without gross endothelial damage or for- 
mation of atherosclerotic plaque. The infrarenal 
aorta reacts differently in our model than the superfi- 
cial femoral artery, which develops ahypercontractile 
response to both potassium chloride and norepi- 
nephrine in response to cigarette smoke exposure 
alone. This hypercontractility hen prevents acetyl- 
choline-mediated relaxation in the superficial femo- 
ral artery. The aorta is unable to relax in response to 
acetylcholine only when exposed to both cigarette 
smoke and high dietary cholesterol, despite the pres- 
ence "of an intact endothelium and a functional 
smooth muscle cell layer. 
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DISCUSSION 
Dr. J. Jeffrey Alexander (Cleveland, Ohio). I am 
pleased to have had the opportunity to review Dr. Mu- 
daliar's manuscript, inpart, because it has raised new ques- 
tions in my own mind regarding the mechanism ofaltered 
cellular interactions that appear to occur during atherogen- 
esis. On the basis of this study, it has been concluded that 
cigarette smoking and hypercholesterolemia act synergisti- 
cally to damage the arterial endothelium and to reduce 
the acetylcholine-mediated vasorelaxation, presumably 
through the inhibition of nitric oxide activity. However, 
the interpretation given here does not address the fact that 
there do exist multiple endothelial-derived mediators of 
smooth muscle cell relaxation and that these, in addition to 
nitric oxide, can modify cell activation through at least wo 
different signaling transduction pathways, ultimately re- 
sulting in achange in intracellular calcium. It is also inter- 
esting to note that lipoproteins, particularly their oxidized 
subspecies, and free oxygen radicals, as may be generated 
by smoking, can directly alter cytoplasmic calcium as well 
and so can potentially influence smooth muscle cell relax- 
ation. With this in mind, I would like to first ask whether 
the investigators have tried to modify signal activation in 
this preparation to determine whether this is truly a physi- 
ologic event that can be selectively enhanced or inhibited. 
If so, which specific factors may be responsible for smooth 
muscle cell relaxation? Again, the authors note the poten- 
tial influence of nitric oxide activity, but this was not 
measured. 
Second, most experimental data using similar models 
of arterial relaxation demonstrate fairly convincingly that 
both hypercholesterolemia and smoking can indepen- 
dently inhibit endothelial-dependent vasorelaxation even 
in the absence of overt endothelial injury or plaque forma- 
tion. These reports are somewhat at odds with the data 
presented here, and I wonder whether the authors can 
provide any explanation for this discrepancy. Could it be a 
result of differences in the degree of endothelial dysfunc- 
tion and, if so, can this be better quantitated other than by 
gross histologic appearance? Do these vessels show any 
recovery over time? 
Finally, it has been previously observed that smoking 
alone does inhibit vasorelaxation in the superficial fem- 
oral arteries. Other investigators have also recognized 
variations in the reactivity of different nonresistant arter- 
ies. Can the authors provide any explanation for this 
finding? 
Dr. Jtmaid H. Mudaliar. In response to your discus- 
sion of the multiple mediators affecting vasorelaxation, I 
would have to agree that there are many different modes in 
which the vessels can relax. We did not try to modify any 
signal properties and stuck with only the acetylcholine- 
mediated relaxation. As to why both smoke and cholesterol 
are required in our study to look at aortic relaxation, I 
would also like to combine with your last comment about 
the different vessels. I think that it might be a result of the 
different components of the cell wall and the difference in 
the size of the arteries. The aorta has more elastin and it is 
more compliant, whereas the femoral artery is a stiffer 
vessel, which can explain the decrease in relaxation in the 
aorta as compared with the femoral artery. 
